Key message fap1 mutation is caused by a G174A change in GmKASIIIA that disrupts a donor splice site recognition and creates a GATCTG motif that enhanced its expression. Abstract Soybean oil with reduced palmitic acid content is desirable to reduce the health risks associated with consumption of this fatty acid. The objectives of this study were: to identify the genomic location of the reduced palmitate fap1 mutation, determine its molecular basis, estimate the amount of phenotypic variation in fatty acid composition explained by this locus, determine if there are epistatic interactions between the fap1 and fap nc loci and, determine if the fap1 mutation has pleiotropic effects on seed yield, oil and protein content in three soybean populations. This study detected two major QTL for 16:0 content located in chromosome 5 (GmFATB1a, fap nc ) and chromosome 9 near BARCSOYSSR_09_1707 that explained, with their interaction, 66-94 % of the variation in 16:0 content in the three populations. Sequencing results of a putative candidate gene, GmKASIIIA, revealed a single unique polymorphism in the germplasm line C1726, which was predicted to disrupt the donor splice site recognition between exon one and intron one and produce a truncated KASIIIA protein. This G to A change also created the GATCTG motif that enhanced gene expression of the mutated GmKASIIIA gene. Lines homozygous for the GmKASIIIA mutation (fap1) had a significant reduction in 16:0, 18:0, and oil content; and an increase in unsaturated fatty acids content. There were significant epistatic interactions between GmKASIIIA (fap1) and fap nc for 16:0 and oil contents, and seed yield in two populations. In conclusion, the fap1 phenotype is caused by a single unique SNP in the GmKASIIIA gene.
Introduction
Soybean seed oil quality is determined by the relative composition of fatty acids in triacylglycerols. Palmitic acid (16:0) is the predominant saturated fatty acid in soybean oil. Oil from typical soybean cultivars contains 110-120 g kg -1 palmitic acid (16:0) (Burton et al. 1994b ; USDA-ARS, National Genetics Resources Program). Oils with reduced palmitic acid content are desirable to reduce the risks of coronary diseases and, breast, colon, and prostate cancer incidence associated with consumption of this fatty acid (Hu et al. 1997; Henderson 1991) .
Soybean oil quality can be improved through genetics. Several lines with reduced palmitic acid concentration were developed by ethyl-methyl sulfonate mutagenesis (C1726, homozygous for the fap1 allele and ELLP2, homozygous for the fap * or fapx alleles); N-nitroso-Nmethyl urea mutagenesis (A22, homozygous for the fap3 allele); and X-radiation (J3 homozygous for the sop1 allele) (Fehr et al. 1991; Stojšin et al. 1998; Wilcox and Cavins 1990; Rahman et al. 1996) . In addition, one natural mutation (fap nc ) was discovered in line N79-2077-11 and its sister line N79-2077-12, both derived from the fifth cycle of a recurrent selection program for high oleic concentration (Burton et al. 1983; Burton et al. 1994b) . Among the five alleles conferring low palmitic acid in these lines, three are at independent loci (fap1, fap3, and fap*) (Schnebly et al. 1994; Stojšin et al. 1998; Wilcox et al. 1994; Kinoshita et al. 1998; Primomo 2000; Primomo et al. 2002) . fap nc is allelic to fap3 (Primomo 2000; Primomo et al. 2002) . sop1 is independent of the fap1 locus, but its allelic relationship to the other loci is unknown (Kinoshita et al. 1998) . In addition to the major genes mentioned above, minor/modifier genes influence the low palmitic acid content in soybean oil (Horejsi et al. 1994; Li et al. 2002; Rebetzke et al. 1998b , Rebetzke et al. 2001 Stojšin et al. 1998) .
Several steps in the TAG biosynthetic pathway could affect palmitate concentration. In the case of low palmitic acid mutants, changes in activity or substrate specificity in 3-ketoacyl-ACP synthase II (KAS II), 16:0-ACP thioesterase, lysophosphatidic acid acyltransferase, glycerol-3-phosphate acyltransferase, or diacylglycerol acyl transferase enzymes could be responsible for their phenotype. Northern analysis of C1726 (fap1fap1), N79-2077-12 (fap nc fap nc ) and the cultivar Dare revealed that fap nc fap nc genotypes have reduced accumulation of transcripts corresponding to a 16:0-ACP thioesterase (GmFATB) gene and no difference in transcript accumulation for genes encoding 18:1-ACP thioesterase (FATA) or 18:0-ACP desaturase activities (Wilson et al. 2001b) . No differences in transcript accumulation for fap1-fap1 genotypes were observed for any of the genes assayed (Wilson et al. 2001b) . Southern analysis using the GmFATB cDNA as a probe revealed that multiple copies of the 16:0-ACP thioesterase gene are present in the soybean genome and that the fap nc fap nc genotype has a deletion in one of those copies (Wilson et al. 2001a) . The mutation in N79-2077-12 (fap nc allele) is caused by a deletion in one of the copies of the 16:0-ACP thioesterase gene (GmFATB1a) and allele-specific markers were developed to be used in marker-assisted selection schemes (Cardinal et al. 2007 ). The mutation in A22 (fap3 allele) is caused by a non-conservative amino acid substitution in the GmFATB1a gene (Vries et al. 2011) .
Correlated changes in stearic acid and unsaturated fatty acids in the soybean oil have been observed in low palmitic acid lines that carry the major genes described above. Lines homozygous for the GmFATB1a deletion (homozygous fap nc mutants) had decreased stearic acid (18:0) and increased linoleic acid (18:2) in two populations (Cardinal et al. 2007) . Similarly, progenies that inherited the major fap nc allele from the cross of N87-2122-4 to two high yielding normal palmitate lines had a 6-15 % reduction in 18:0 (Rebetzke et al. 1998b (Rebetzke et al. , 2001 ), a 4-10 % increase in oleic acid (18:1) content in both crosses (Rebetzke et al. 1998a (Rebetzke et al. , 2001 , and an increase in linolenic acid (18:3) content in one cross (Rebetzke et al. 1998a) . No differences in 18:2 were observed between progenies that inherited the major fap nc allele and those that inherited the normal allele (Rebetzke et al. 1998a ). In addition, when lines homozygous for the fap 1 and fap 3 alleles were compared to normal lines derived from the same population, the low 16:0 lines have reduced 18:0, and increased 18:1, 18:2, and 18:3 contents (Ndzana et al. 1994) . Palmitate content in soybean oil was negatively correlated with 18:2 and positively correlated with 18:1 in a population that was segregating for the fap 1 and fan loci (Nickell et al. 1991) . In summary, homozygous lines carrying fap nc or both fap 1 and fap 3 alleles, not only have reduced 16:0 content but also have reduced 18:0 content and the effect on unsaturated fatty acid contents varies among populations.
Also, correlated changes in agronomic traits have been observed in low 16:0 lines that carry the major genes described above. Several studies have shown that lines homozygous for major fap1, fap3 or fap nc alleles have reduced seed yield (Ndzana et al. 1994; Rebetzke et al. 1998a; Cardinal et al. 2008; Cherrak et al. 2003) . Reduced 16:0 lines homozygous for the fap1 and fap3 alleles had reduced oil content, were taller, and had greater protein content in two out of three populations, when compared to normal lines derived from the same population (Ndzana et al. 1994) . Progenies homozygous for the fap nc allele had no differences in protein content in all populations studied and an increase in oil content in only one cross (Rebetzke et al. 1998a) . Lines homozygous for the GmFATB1a deletion (homozygous fap nc mutants) had decreased plant height and increased protein content in two populations but had a significantly decreased oil content in only one population (Cardinal et al. 2008) . Small but significant positive correlations between palmitate content and seed oil were observed in a population derived from the cross of a lowpalmitate, low-linolenate line homozygous for the fap nc , fap1, and fan alleles to the cultivar Anand (Cherrak et al. 2003) .
The objectives of this study were to: (1) identify the genomic location of the fap1 mutation, (2) determine its molecular basis, (3) estimate the amount of phenotypic variation in the 16:0, 18:0, 18:1, 18:2 and 18:3 contents that is explained by this locus, (4) determine if there are epistatic interactions between the fap1 and fap nc loci and (5) determine if the fap 1 mutation has pleiotropic effects on seed yield, oil and protein content; in three adapted populations grown in replicated trials.
Materials and methods

Population development
Three populations, FAE, FAHH00 and FADD00 were developed by single seed descent (Brim 1966) . The FAE population consisted of 746 F 5 -derived lines from the cross of N98-4445 9 Satelite. N98-4445 is a F 3 -derived higholeate (563.1 g kg -1 ), low-linoleate (26.3 g kg -1 ;homozygous for fan PI 123440) line that is a sister line of the released germplasm N98-4445A developed by the USDA-ARS in Raleigh, NC (Burton et al. 2006) . Satelite is a lowpalmitate (39.8 g kg -1 ; homozygous for fap nc and fap1), low-linolenate cultivar (fan PI 123440) (Cardinal et al. 2007; Bachlava et al. 2008a Bachlava et al. , b, 2009b Cardinal et al. 2011) . FAHH00 (F 4 derived lines) was derived from the cross of a high yielding line, 'Corsica' (Kenworthy 1996) , and N97-3681-11, a low linolenic (fan PI 123440) and low palmitic acid (homozygous for fap nc and fap1) line. FADD00 (F 4 derived lines) was derived from the cross of a high yielding line, Brim (Burton et al. 1994a) , and N97-3708-13, a low linolenic (fan PI 123440), low palmitic acid line (homozygous for fap nc and fap1).
N97-3681-11, N97-3708-13 and the cultivar Satelite are sister lines homozygous for the low-palmitate mutations fap nc and fap1 and they are highly related to Brim (coefficient of parentage = 0.777).
Experimental design
The FAE population was planted in a sets-within-replications experimental design (Hallauer and Miranda 1988) with two replications in each location. The experimental design was described by Bachlava et al. (2008b) . Seven hundred nineteen experimental lines were initially divided into five groups according to maturity. Next, experimental lines of each maturity group were randomly assigned to sets. The maturity groups were randomly assigned to columns in each set and the lines of each maturity group were randomly assigned to plots within each column. Lines of the same maturity were planted in each column of each set to facilitate mechanical harvest. Each maturity group was included at least in one column within each set. Maturity groups with most of the segregating lines were allocated to two or three columns within each set. The parental line Satelite was also randomly assigned to one plot within a single set in each replication according to its maturity group. The other parental line, N98-4445, was randomly assigned, based on its maturity group, to one plot within each of the 15 sets in each replication of the experiment. Once the experimental and parental lines were assigned to a set, they remained in the same set in all replications, locations, and years. The order of sets and the lines within each set were randomized in each replication, location and year. Overall, the sets-within-replications design for the FAE population consisted of 15 seven-row by seven-column sets. Each plot consisted of four 4.88 m rows with 0.97 m spacing between rows. Only the two middle rows, end-trimmed to 3.96 m were harvested.
The experimental design used for FADD00 and FAHH00 was described by Cardinal et al. (2007) . Briefly, 98 F 4 -derived lines and the parents of the FADD00 population and 99 F 4 -derived lines and one parent (N97-3681-11) of the FAHH00 population were grown in Plymouth (NC) in 2002 and Caswell and Plymouth (NC) in 2003. Within each environment, the experimental design for each population was a 10 9 10 lattice with two replications.
All yield plots for the three populations were sown at a seeding rate of 30 seed per meter.
Phenotypic evaluation
Flowering and maturity dates were recorded for FAE, FAHH00, and FADD00 at the R2 and R8 reproductive stages, respectively, as days after planting (Fehr and Caviness 1977) . Plant height was also measured for FAE, FAHH00, and FADD00 populations as the distance from the soil to the plant apex in cm. Lodging was measured on a 1-5 scale (scored 1 if plant 90 % erect to 5 if plants 90 % procumbent).Yield and moisture content were evaluated on seed harvested from the two middle rows of each plot after end-trimming and mechanical harvest. Yield was adjusted to 13 % moisture content.
Approximately 10 and 30 g of seed were sub-sampled from each plot for the evaluation of oil content and fatty acid composition in the FAE and FADD00/FAHH00 populations, respectively. Seed oil content was determined by nuclear magnetic resonance (NMR) using a Maran pulsed NMR (Resonance Instruments, Witney, Oxfordshire, UK) in the FAE population. Protein and oil contents (dry weight basis) in FADD00 and FAHH00 populations were analyzed by near infrared reflectance spectroscopy at the USDA North Regional Research Center, Peoria, IL, in 2003. Fatty acid composition was evaluated by gas chromatography, as described by Burkey et al. (2007) . Fatty acid content is reported in g kg -1 of total lipids.
Statistical analysis
Statistical analyses of the sets-within-replications designs for FAE were conducted using PROC MIXED in SAS 9.1 (SAS Institute 2004). Environments, replication (environments), sets, sets*environments, sets*replication (environments), lines (set), environments*lines (set), and the error terms were considered random effects. Best linear unbiased predictors (BLUPs) were obtained for all traits as the sum of the overall mean and the random effect for each line of the FAE population (Littell et al. 1996) . Degrees of freedom for FAE population were derived with the containment method in order to reduce the computing power required. Analysis of the FAE population was conducted separately for each environment, as well as combined across all the environments for all measured traits. In order to investigate whether maturity date affected the associations between fatty acid traits and molecular markers, maturity date was included as a covariate in the analysis conducted for each environment as well as across environments and BLUPs from the models with the covariate were obtained. Overall mean, range of BLUPs, heritabilities, genetic and phenotypic correlations were previously reported (Bachlava et al. 2008b ). The lower bound of the pooled genetic correlations among environments for each trait, that did not account for heterogeneity of genotypic variances among environments were calculated by the ratio of r The statistical analysis of the FADD00 and FAHH00 populations was described by Cardinal et al. (2007 Cardinal et al. ( , 2008 .
The fatty acid data from each population were analyzed as a lattice design across environments with PROC MIXED, SAS 9.1. (SAS Institute 2004) . Locations, replications, incomplete blocks, and lines were considered random effects. A BLUP for each line was obtained by adding the overall mean effect to the random effect of each line (Littell et al. 1996) .
Genotypic evaluation and linkage mapping
Genomic DNA was extracted from leaf tissue of approximately 10-20 plants for each of 746 lines of the FAE population, collected from plants grown from seed increases grown in Clayton, NC in 2004. DNA isolation was conducted in a 96-well plate format with the Gentra PureGene DNA purification kit (Gentra Systems, Minneapolis, MN). Ninety-eight polymorphic simple sequence repeat (SSR) markers of the consensus linkage map (Cregan et al. 1999; Song et al. 2004) were genotyped across the 20 linkage groups of the soybean genome in 746 lines of the FAE population following the protocol described by Bachlava et al. (2008a) . SSR markers very tightly linked to fatty acid candidate genes (GmFAD2-2C, GmFAD2-2D, GmFAD6, GmFAD2-1B, GmAAPT1b) were developed and genotyped as described by Bachlava et al. (2009a) . The same 746 lines were assayed with the GmFATB1a allelespecific marker developed to detect homozygote mutant lines carrying the low-palmitate fap nc mutation Cardinal et al. (2007) . In addition, the parents and 562 F 5:7 derived lines were genotyped with the GoldenGate 1,536 SNP panel (1536 Universal Soy Linkage Panel 1.0) . The simple sequence repeat marker (SSR) BAR-CSOYSSR_09_1707 (Sat_1707) ) located at approximately Gm09:46.3 Mb was genotyped in the same 562 lines to more precisely define the location of a low-palmitate QTL on Gm09. The PCR conditions for this SSR marker were 95°C for 2 min, 13 cycles of 94°C for 20 s, a touchdown step of 63°C for 15 s reducing 1°C per cycle, and 72°C for 20 s, then 18 cycles of 94°C for 20 s, 50°C for 20 s, and 72°C for 20 s, and final step of 72°C for 5 min.
DNA extraction, genotyping protocols and methods for FADD00 and FAHH00 were described by Cardinal et al. (2007) . Briefly, an allele-specific marker for the deletion of GmFATB1a observed in lines homozygous for the fap nc mutation was genotyped in these populations. Both populations were also genotyped with SSR marker BAR-CSOYSSR_09_1707, to validate its effect using these populations.
Linkage analysis of the FAE population was conducted with MAPMAKER/EXP 3.0 (Lander et al. 1987) according to Cardinal et al. (2001) , using a minimum likelihood of odds (LOD) score of 3.0 and a maximum Haldane distance of 50 cM. Heterozygous genotypes were coded as missing data in order for the F 5 -derived lines to be analyzed as recombinant inbred lines. Loci that could not be uniquely placed on a linkage map or that had no recombination with another locus in a linkage group were not included in the final maps.
Mapping the fap1 locus and estimating its effect in three populations QTL analysis was conducted using BLUPs derived from analyses across environments for all traits and 712 experimental lines of the FAE population that had both phenotypic and genotypic data. The marker genotypes were tested for association with palmitate content using single factor analysis, a simple linear regression approach (data not shown). Based on those results, new markers were developed in the vicinity of one major 16:0 QTL on chromosome 9 (LG K) and candidate genes in the region were sequenced.
To determine if the two major QTLs (fap nc and fap 1 ) in the FAE population associated with palmitic acid content were also associated with other fatty acids and agronomic traits, an ANOVA was performed with the GmFATB1a and GmKASIIIA markers, and their interaction as independent variables was analyzed. BLUPs for each fatty acid and agronomic traits for each line were dependent variables in the analysis. The genotypic class means, the difference between means, significance of those differences, and the R-square for the model were obtained using SAS PROC GLM, SAS 9.2. (SAS Institute Inc. 2010).
In the FAHH00 and FADD00 populations an ANOVA was performed with GmFATB1a and the BAR-CSOYSSR_09_1707 marker classes and their interaction as the independent variables in the analysis. Lines that were heterozygous for the BARCSOYSSR_09_1707 marker were considered missing data so that all means could be estimated. The BLUPs for each fatty acid and agronomic traits for each line were dependent variables. The genotypic class means, the difference between means, significance of those differences, and the R-square for the model were obtained using SAS PROC GLM, SAS 9.2. (SAS Institute Inc. 2010).
Sequencing of candidate genes in the vicinity of major QTL on chromosome 9
Genomic DNA from cultivar Century (Wilcox et al. 1980 ) (WT) and its EMS induced mutant C1726 (fap1) was isolated from *20 mg of mature seed or *100 mg of leaf tissue, using the DNeasy Plant Mini kit (Qiagen, Inc., Valencia, CA). Gene sequences for target genes near the major QTL on chromosome 9 and potential homologous genes were downloaded from http://www.phytozome.net/ soybean and aligned using Vector-NTI (Invitrogen). PCR primers to amplify candidate genes Glyma09g39610 and Glyma09g41380 were designed based on gene sequences downloaded from the Williams 82 whole genome shotgun sequence (http://www.phytozome.net/soybean) to be gene specific after alignment with homologous genes using AlignX (Invitrogen). A minimum of two differences per primer were required between the target gene and any gene homologs.
PCR amplification with genomic DNA was performed with 5-50 ng of genomic DNA with Ex taq according to manufacturer's recommendations (Takara, Otsu, Shiga, Japan) in a PTC-200 thermocycler (MJ Research/Bio-Rad, Hercules, CA), under the following conditions: 95°C for an initial 5 min denaturation, followed by 40 cycles of (95°C for 30 s, then 60°C for 30 s, and an extension step at 72°C for 1 min per kilobase pair of expected product (7 min for Glyma09g39610 and 5 min for Glyma09g41380). PCR products were separated on 1 % agarose gels to ensure appropriate size and were purified using a QIAquick PCR purification kit (Qiagen). Following purification, products were Sanger sequenced at the DNA Core Facility at the University of Missouri-Columbia. Details on primers used for amplification and sequencing are presented in Table 1 .
Genotyping the GmKASIIIA KASPAR allele-specific marker A KASPar marker that distinguishes the GmKASIIIA allele inherited from Satelite or N98-4445 (Glyma09g41380) was genotyped in the same 562 lines described above. A preamplification step was performed to amplify only GmKA-SIIIA (Glyma09g41380) with the following primers (KASIIIA_pcr F 5 0 -CCGAAGATCATTGTTGGCTTT-3 0 , KASIIIA_pcr R 5 0 -CCACTGTACCTATCTGTTTATAG CACACTAGT-3 0 ) and conditions: 8 ll reaction containing 5-10 ng genomic DNA, 19 NEB standard taq reaction buffer, 234 lM dNTPs, 0.75 units NEB taq polymerase, 3.5 pmol KASIIIA_pcr F, 3.5 pmol KASIIIA_pcr R. The PCR was performed using a touchdown program with an initial 2 min at 95°C, followed by 13 cycles of 94°C for 20 s, 63°C for 15 s (-1°C/cycle), 72°C for 20 s; followed by 18 cycles of 94°C for 20 s, 50°C for 20 s, 72°C for 20 s, with a final extension at 72°C for 5 min. The KASPar protocol to genotype the KASIIIA SNP used the following primers: (KASIIIA_C1726snp_G (wild type): 5 0 -ga aggtcggagtcaacggattcttcccaatctccaatacccaga-3 0 , KASIIIA_ C1726snp_C3: 5 0 -CTTGAGATGGCAAACAAAAACTGA GTA-3 0 ). One ul of the KASIIIA pre-amplified product was dried on a PCR plate. The KASPar PCR had a total volume of Theor Appl Genet (2014) The KASPar PCR was performed using a touchdown program with an initial 15 min at 94°C, followed by 10 cycles of 94°C for 20 s, 65°C for 60 s (-0.8°C/cycle), followed by 26 cycles of 94°C for 20 s, 57°C for 60 s. Results were read on a Roche LightCycler480. qPCR expression analysis of fatty acid related genes GmKASIIIa, GmFATB1a, GmFATB1b, GmFATB2a and GmFATB2b
Thirty-five days after the R2 flowering stage, multiple pods of similar size and location within the soybean canopy were harvested from one row plots grown at Clayton, NC in 2010. These pods from Satelite and each of five lines from the FAE population that had similar flowering date and maturity date were immediately frozen. These lines were homozygous or heterozygous for the GmFATB1a allele (Fap nc Fap nc or Fap nc fap nc genotypes) but two of those lines were homozygous for the GmKA-SIIIA allele inherited from N98-4445, one line was heterozygous and two lines were homozygous for the GmKASIIIA allele inherited from Satelite. Seed obtained from each sample were pooled and ground under liquid nitrogen and total RNA was isolated using the RNeasy Plant mini kit and protocol from Qiagen (Valencia, CA). Traces of genomic DNA were eliminated using on-column DNase digestion (Qiagen). First strand cDNA synthesis was carried out using the High Capacity cDNA Reverse Transcription kit (Applied Biosystems) with MultiScribe reverse transcriptase (RT) and random primers. 2.5 lg of RNA in 12.5 ll of nuclease free water were mixed with the same volume of a 29 RT master mix. The reaction conditions were: (1) 10 min at 25°C, (2) 120 min at 37°C, and (3) 5 s at 85°C. Quantitative RT-PCR assays with SYBR green were performed with the i-Cycler thermocycler (BioRad, Hercules, CA) for GmFATB1a, GmFATB1b, GmFATB2a, GmFATB2, GmKASIIIa, Soy 57 actin, and GmEF1a. PCR reactions were carried out in a total volume of 25 ll, containing 200 nM of each forward and reverse primer (Table 2) , 1X iQ SYBR green Supermix (BioRad, Hercules, CA) and template cDNA equivalent to 20 ng of total RNA. As a control, the amplification was also conducted using water instead of nucleic acid template (no template control). The amplification conditions were 95°C for 3 min to activate the hot-start AmpliTaq Gold DNA Polymerase. Cycling conditions were: 15 s at 94°C, 30 s at the respective annealing temperature and 30 s at 72°C, followed by melting curve analysis. Primer sequences and annealing temperatures are shown in Table 2 . Threshold cycles (C t ) for each sample were determined using i-Cycler software. PCR reactions were conducted in triplicate for each sample. The amounts of transcripts were estimated from standard curves obtained using PCR products amplified with the respective primer pairs and applying a normalization factor that was obtained based on the analysis of soybean actin 57 (Moniz de Sa and Drouin 1996) and elongation factor EF1a (Aguilar et al. 1991 ) and using geNorm software (Vandesompele et al. 2002) . To ensure that the correct gene transcript sequences were amplified, amplicons were sequenced at the Iowa State University Biotechnology Center, Ames, IA.
Sequencing of fragment amplified from wildtype and GmKASIIIA mutant cDNA Primers were selected to specifically amplify a fragment from cDNA of KASIIIA on Gm09 (Table 3) . Forward primer 5 0 -AATATTCCCTTGTTGGTGTTACAT-3 0 is located in the 5 0 UTR of Glyma09g41380, and reverse primer 5 0 -G ATTTGTTTTGCAGCCAAGC-3 0 is located in exon 4 of Glyma09g41380. PCR conditions included an initial extension step of 2 min at 94°C, followed by 30 cycles of (94°C for 14 s, 57°C for 30 s, 72°C for 1 min), and 5 min at 72°C. The fragments were excised from a 1 % agarose gel and purified using a Qiaquick Gel Extraction Kit (Qiagen # 28704). The purified fragments were cloned into a pCR2.1 vector using the TA Cloning Kit (Invitrogen #28704), and DNA from these clones was submitted to GeneWiz for sequencing. Sequence analysis was performed using Vector-NTI software (Invitrogen).
Northern analysis of GmKASIIIA
Pods and unifoliate leaves were harvested from N95-4445A and Satelite to isolate RNA and perform Northern analysis. Pods were harvested 35 days and 50 days after flowering from plots grown at Clayton in 2012 and leaves were harvested from seedlings germinated in the laboratory. Total RNA was isolated using the RNeasy Plant mini kit and protocol from Qiagen (Valencia, CA). Northern blots were performed as described by Sambrook and Russell (2001) . A 1,208 bp fragment GmKASIIIA probe was amplified from cDNA synthesized for qPCR expression analysis. The probe was labeled using the Random Primed DNA Labeling Kit from Roche and [ 32 P] dCTP from Perkin Elmer. Hybridization was done overnight at 65°C using PerfectHyb Plus Hybridization Buffer from Sigma. The autorad was developed after 5 days of exposure.
Results
Linkage map
Linkage analysis was conducted using MAPMAKER/EXP 3.0 with 98 polymorphic SSR markers and 420 polymorphic SNPs in the FAE population, which cover the 20 linkage groups (LGs) of the soybean genome. A total of 451 markers were uniquely placed on the final map of 31
LGs and 3 unlinked loci because some markers were redundant (no recombination) or could not be placed uniquely on the map and due to the lack of polymorphisms among the parents across large genomic areas, linkage could not be declared among all markers on the same chromosome (Supplementary Table 1 ). Chromosomes 1, 2, 4, 7, 8, 13, 14, 15, 16, 17 , and 20 were split into to 2 LGs each. In addition, there were 14 large gaps (26-50 cM) in the final map. The total length of the linkage map was 2,351 cM, equivalent to published consensus maps ). The order of marker loci within each linkage group was the same as the order presented in Hyten et al. Table 1) .
Loci were declared to have significant segregation distortion if the Chi-test had a p value \0.0016 (0.05/31 LGs) (Supplementary Table 1 ). Nine markers encompassing a large genomic region (*45 cM) in chromosome 5 are severely distorted. The low-palmitate fap nc mutation caused by a deletion of the GmFATB1a gene maps to the end of this chromosome (Cardinal et al. 2007; Li et al. 2002 ; and this study).
There are 9 marker loci on chromosome 6 (*20 cM), 4 markers on chromosome 17 (*7.8 cM), 17 markers on chromosome 18 (*23.6 cM), 15 markers in chromosome 19 (*43.4 cM) that show significant segregation distortion.
Mapping the fap1 locus
Only BLUPs derived from analyses across environments were utilized for QTL analysis because the lower bound of the pooled genetic correlations among environments for each trait (Cooper and DeLacy 1994) , were higher than 0.8 (except for oil content and seed yield, data not shown). Single factor marker analysis for palmitate content detected two major QTL, one in chromosome 5 (GmFATB1a) and the other at the end of chromosome 9. Based on those results, BARCSOYSSR_09_1707 (46.31 Mb, Supplemental Table 1 ) was the closest marker to the QTL on chromosome 9.
In order to identify candidate genes for reduced palmitic acid content due to fap1, we examined the Williams 82 reference sequence (Schmutz et al. 2010 ), corresponding to the genomic location near BARCSOYSSR_09_1707. Two genes were annotated as involved in fatty acid biosynthesis and were chosen as putative candidate genes: Glyma09g39610, annotated as a putative Acyl-CoA thioesterase gene and Glyma09g41380, annotated as a putative ketoacyl-ACP synthase III gene (KASIII) (http://www. phytozome.net/soybean). We PCR amplified and Sanger sequenced both genes using genomic DNA from Century (WT) and its EMS induced mutant C1726 (fap1). For Glyma09g39610, assembled gene sequences were identical between Century and C1726 (and Williams 82). In contrast, examination of sequencing results for Glyma09g41380 revealed a single unique polymorphism in C1726 (G174A, relative to the start codon) shown in Fig. 1 , which was predicted to disrupt the donor splice site recognition between exon one and intron one (Hebsgaard et al. 1996; Long and Deutsch 1999 In addition, the G to A change in C1726 creates the GATCTG motif that has been associated with enhanced gene expression when present in the first intron in Arabidopsis (Rose et al. 2008) .
A KASPar marker was developed for the SNP in GmKASIIIA gene and genotyped in the FAE population. GmKASIIIA mapped to Chromosome 9 between BARC-059411-15797 and BARCSOYSSR_09_1707 (Sat_1707), 1.8 and 0.8 cM apart, respectively (Supplemental Table 1 ), coinciding with its location in the Williams 82 genome assembly. In FAE, the fap nc , GmKASIIIA and their interaction explained 66 % variation in 16:0 content (Table 4) . Genotypes homozygous for fap nc , and homozygous for the GmKASIIIA mutation had 49 g of 16:0 per kg of total lipids. The alleles inherited from Satelite (fap nc and fap1) also significantly reduced stearic acid content and increased linoleic acid content (Table 4 ). The GmKASIIIA allele inherited from Satelite significantly increased linolenic acid content in this population. To test if fap nc and GmKASIIIA had an effect on agronomic traits, an ANOVA was performed with GmFATB1a and GmKASIIIA markers and their interaction as independent variables and BLUPs for each agronomic trait for each line as dependent variables in the analysis. GmFATB1a and GmKASIIIA and their interaction significantly affected seed yield; lines homozygous for both mutant alleles had the lowest yield in the across environments ANOVA analysis (Table 5) . However, when ANOVA analysis was performed for each environment separately (data not shown) only lines homozygous for the fap nc mutation significantly reduced yield in 5 out of the 6 environments. The fap nc mutation slightly increases oil content in FAE (Table 5 ) but when ANOVA is performed in each environment separately (data not shown), the increase is significant in only two environments out of six. However, lines homozygous for the GmKASIIIA allele inherited from Satelite (fap1) have a highly significant reduction in oil content (Table 5 ) in the analysis across and within environments, (data not shown). The fap nc mutation also significantly reduced plant height in the FAE population (Table 5 ).
In the FAHH00 and FADD00 populations an ANOVA was performed with GmFATB1a and the BARCSOYSSR_ 09_1707 (Sat_1707, closely linked to GmKASIIIA) and their interaction as independent variables and BLUPs for each fatty acid and agronomic traits for each line as dependent variables. The fap nc , Sat_1707 (GmKASIIIA) and their interaction (in FADD00) explained 86-94 % of the variation for 16:0 content (Table 6 ). Lines homozygous for the Satelite allele at both loci had on average 44-45 g of 16:0 per kg of total lipids. Both alleles significantly reduced stearic acid content in both populations and the Sat_1707 allele inherited from the fap1 mutant parent (Satelite) significantly increased linoleic acid content in one population. The Sat_1707 allele from Satelite and its interaction decreased yield in FADD00 (Table 7) . The Sat_1707 allele from Satelite and its interaction decreased oil content in both populations (Table 7) . Lines homozygous for the Satelite allele at both loci matured significantly later in both populations. qPCR expression of fatty acid related genes GmKASIIIa, GmFATB1a, GmFATB1b, GmFATB2a and GmFATB2b in soybean lines from FAE population In order to test if the SNP that creates a GATCTG motif in the GmKASIIIA gene (from C1726) for enhanced gene expression as predicted from studies in Arabidopsis, RNA was obtained from seeds harvested 35 days after flowering from five lines of the FAE population of similar flowering date and maturity date and also from the parental line Satelite. cDNA was synthesized to perform quantitative RT-PCR analysis. Lines homozygous or heterozygous for the GmFATB1a allele (Fap nc Fap nc or Fap nc fap nc genotypes) and homozygous for the GmKASIIIA allele inherited from Satelite (mutant allele) had 1,247 Attamoles more of GmKASIIIA RNA per mg of total RNA than lines homozygous for the GmKASIIIA allele inherited from N98-4445 (wild type) ( Table 8 ), indicating that the G to A change present in the first intron in C1726 and Satelite that creates the GATCTG motif enhanced gene expression. However, this transcript would produce a truncated protein. Sequencing analysis confirmed that the amplified products corresponded to the GmKASIIIA (Glyma09g41380) homolog as expected. Satelite (mutant fap nc and GmKASIIIA genotype) had a 109 reduction in the amount of GmFATB1a transcript and significant increases of GmFATB1b, GmFATB2a, and GmFATB2b transcripts.
Sequencing of fragment amplified from wildtype and GmKASIIIA mutant cDNA A fragment of 579 bp was amplified from cDNA of the wildtype GmKASIIIA sample, and a fragment of 799 bp was amplified from cDNA of the KASIIIA mutant sample, which would result from the presence of the unspliced 220 bp intron 1 in the KASIIIA mutant. Alignment of fragment sequences from 3 clones from each genotype ID shows that introns 1, 2, 3 are not present in the wildtype fragment. The mutant fragment did not contain introns 2 and 3 but it contained the entire sequence of intron 1. Difference between genotypic means and their significance and the R 2 for the full model in Proc GLM are included n.s. not significant Significant at ****p \ 0.0001; significant ***p \ 0.001; significant **p \ 0.01; and significant *p \ 0.05 Significant at ****p \ 0.0001; significant ***p \ 0.001; significant **p \ 0.01; and significant *p \ 0.05
Northern analysis of GmKASIIIA
In order to prove if the single unique polymorphism in C1726 (G174A, relative to the start codon) and Satelite, disrupted the donor splice site recognition between exon one and intron one, Northern Analysis was performed. Northern blots showed the presence of a larger GmKAS-IIIA mRNA isolated from pods and leaves of Satelite, confirming the presence of intron 1 and stability of the mRNA. The GmKASIIIA mRNA isolated from pods harvested 50 days after flowering clearly shows a smaller band in N98-4445 that corresponds to the spliced mRNA lacking intron 1 (Fig. 2) .
Discussion
In most regions, the linkage map developed had the same order expected from the Williams 82 Glycine max genome sequence (Mb) (v 1.01, verified 7/2012), but there are some important discrepancies in chromosomes 4, 5, 8, 9, 11, 14, 15, and 20 (Supplementary Table 1 ). Because N98-4445 (female parent) was an F3-derived line, it was not completely homozygous. Since the RILs developed in this study were derived from 3 different F 1 plants, there were instances in which a marker was polymorphic in a subset of RILs but not in another subset of RILs derived from a different F 1 plant. In such instances, the marker was scored as missing data in the subset of RILs derived from 1 or 2 F 1 plants that showed no segregation (monomorphic). There were a few marker loci in almost all
LGs that showed this pattern of segregation (Supplementary Table 1) , however, there were large genomic regions in chromosomes 8, 9, 12, 14, and 17 in which many markers segregated in a subset of RILs. Marker order and QTL (and their effect) observed in those regions would probably be biased due to the small sample of RILs that provided genotypic and phenotypic information.
The severe segregation distortion observed in the vicinity of the low-palmitate fap nc mutation had been reported before (Cardinal et al. 2007; Li et al. 2002) and the allele-specific marker designed for this mutation was Difference between genotypic means and their significance and the R 2 for the full model in Proc GLM are included n.s. not significant Significant at ****p \ 0.0001; significant ***p \ 0.001; significant **p \ 0.01; and significant *p \ 0.05
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Other chromosomal regions that also showed segregation distortion in this study could possibly be related to fitness loci. For example, on chromosome 6, in the genomic region where markers displayed segregation distortion, QTL for abnormal seedling, pod maturity and flowering date have been reported (http://soybeanbreederstoolbox. org; verified 8/2012). On chromosome 18, in the genomic Significant at ****p \ 0.0001; significant ***p \ 0.001; significant **p \ 0.01; and significant *p \ 0.05 (Lorieux et al. 1995) , therefore the markers order and distance in the genomic regions described above should be taken with caution. It should also be noted that the recombination frequency among markers and map distances are slightly upwardly biased by analyzing the FAE F 5 -derived population as a recombinant inbred line population in linkage analysis performed with MAPMAKER/EXP 3.0 (Supplement Table 1 ). It was previously shown that the fap nc mutation also causes a small yield reduction (Cardinal et al. 2007 ) and now our results show that the fap nc mutation (or the deletion around the locus per se) reduces fitness either of gametes carrying the mutation or of individuals homozygous for the mutation. Interestingly, the genomic location of the GmFATB1a gene in Williams 82 whole genome shotgun sequence (http://www.phytozome.net/soybean) is at 7.99 Mb on Chromosome 5, downstream from BARC-021573-04148, however in our populations (Cardinal et al. 2007 ) and in Li et al. (2002) , the fap nc mutation is mapped to the tip of chromosome 5 upstream of BARC-048987-10780 and Satt684 at 0.27 and 1.8 Mb, respectively. The discrepancy between the genomic location of the wild type GmFATB1a and the genetic location of the fap nc mutation could be due to biased estimation of map orders and recombination frequency with standard likelihood methods (Lorieux et al. 1995) or problems in the assembly of the Williams 82 whole genome shotgun sequence (v1.01) in this region.
The results from the sequence analysis of the two candidate genes on chromosome 9 were validated with the gene expression and Northern blot assays, confirming that the fap1 low-palmitate phenotype is due to a single unique polymorphism in C1726 (G174A, relative to the start codon), which was predicted to disrupt the donor splice site recognition between exon one and intron one and also creates the GATCTG motif. The gene expression assay demonstrated that this motif enhanced gene expression of the GmKASIIIA locus, as had been observed before in Arabidopsis (Rose et al. 2008) . The increases in GmFATB1b, GmFATB2a, and GmFATB2b transcripts observed in Satelite (fap nc and GmKASIIIA mutations) showed that when the transcription of the most highly transcribed GmFATB1a homolog is compromised (Wilson et al. 2001b; Cardinal et al. 2007 ), the soybean plant up regulates the transcription of the other three GmFATB genes to try to maintain a ''normal'' fatty acid biosynthesis.
We speculated that since the 3-ketoacyl-ACP synthase enzyme III catalyzed the first condensation reaction in the biosynthesis of C 16 and C 18 fatty acids in developing seeds, a significant reduction in 16:0, 18:0 and total oil content would be observed in lines homozygous for the GmKA-SIIIA mutation. This was confirmed in all three populations and is in agreement with previous studies with the same mutation (Ndzana et al. 1994; Horejsi et al. 1994 ).
As we indicated previously (Cardinal et al. 2007 ), the GmFATB1a gene, which encodes the palmitate thioesterase in soybean and is deleted in the fap nc allele, is putatively active toward stearoyl acyl carrier protein (ACP) substrates and, therefore, the mutations in this gene would reduce both 16:0 and 18:0 contents in the seed oil. This effect was observed in all the populations. The fap nc locus also caused a small increase in total oil content.
Because our study includes the FAE population with 712 F 5 -derived lines, our estimates of the genetic parameters have excellent precision. Lines homozygous for the fap nc mutation showed significantly reduced yield in all of the populations evaluated and this decreased yield was fairly consistent across the environments. A significant reduction in plant height was also observed for this mutation. In contrast, lines homozygous for the fap1 and fap3 alleles have increased plant height (Ndzana et al. 1994) , and therefore, since fap3 (amino acid substitution) and fap nc (deletion of unknown size) are mutations in the same GmFATB1a gene, it is highly likely that the deletion per se may include another gene that is causing the plant height reduction observed in fap nc mutants. Yield reductions associated with the fap1 mutation were of smaller magnitude and not always consistent across environments. This observation is in agreement with previous studies on the effect of the fap1 mutation on agronomic traits (Rebetzke et al. 1998a; Cardinal et al. 2008) . Whether this small negative effect on yield is due to the mutation per se or to negative linkage drag is something that cannot be conclusively determined in these populations because none of the parents was a high yielding line, comparable to modern cultivars. Studying the agronomic effects of this mutation on a high yielding-high oil genetic background will help to reveal its potential as a source of low palmitate that will not compromise agronomic performance.
